ABSTRACT Epstein-Barr virus (EBV), along with other members of the herpesvirus family, requires a set of viral glycoproteins to mediate host cell attachment and entry. Viral glycoprotein B (gB), a highly conserved glycoprotein within the herpesvirus family, is thought to be the viral fusogen based on structural comparison of EBV gB and herpes simplex virus (HSV) gB with the postfusion crystal structure of vesicular stomatitis virus fusion protein glycoprotein G (VSV-G). In addition, mutational studies indicate that gB plays an important role in fusion function. In the current study, we constructed a comprehensive library of mutants with truncations of the C-terminal cytoplasmic tail domain (CTD) of EBV gB. Our studies indicate that the gB CTD is important in the cellular localization, expression, and fusion function of EBV gB. However, in line with observations from other studies, we conclude that the degree of cell surface expression of gB is not directly proportional to observed fusion phenotypes. Rather, we conclude that other biochemical or biophysical properties of EBV gB must be altered to explain the different fusion phenotypes observed.
with homologues in each of the subfamilies (9, 10) . The recent resolution of the crystal structures of EBV gB (11) and HSV-1 gB (12) and their structural resemblance to the postfusion structure of the vesicular stomatitis virus fusion protein glycoprotein G (VSV-G), for which both pre-and postfusion structures have been solved (13, 14) , implicate gB as the herpesvirus fusogen. In the crystal structure of VSV-G, internal fusion loops comprising the putative fusion motif were identified (13) , and comparable fusion loops appear to be structurally conserved in the crystal structures of HSV-1 gB (12) and EBV gB (11) . Mutagenic studies of the putative fusion loops in HSV-1 gB (15, 16) and EBV gB (7, 17) perturb fusion, further indicating the fusogen role of gB.
Early immunofluorescence studies examining the expression of EBV gB in EBV-infected lymphocytes and transfected epithelial cells found that gB was expressed abundantly in the perinuclear region of cells and in the cytoplasm, with little-to-no detection of gB expression in the plasma membrane (9, 18) . Immunoelectron microscopy of induced infected lymphocytes further demonstrated that EBV gB localized to the inner and outer nuclear membranes and also in some cytoplasmic vesicles, with little-to-no gB in the plasma membrane or in enveloped virus (9, 18) .
Interestingly, one of our studies revealed that two deletion mutations in the EBV gB CTD resulted in abundant expression of gB in the plasma membrane, in contrast to the observed wild-type (WT) expression patterns noted above (19) . It was postulated that this observed localization phenotype was due to the deletion of four consecutive arginine (R) residues (RRRR amino acids 836 to 839) positioned near the C terminus of the CTD (19) , which was further explored by the construction of mutants in which nonendogenous residues (lysine [ 
K], glutamic acid [E], threonine [T])
were substituted for the arginine residues in the domain, designated gB RKRR, gB KKKK, gB REER, and gB RTTR (20) . The observed phenotypes suggested not only that the positive charge of the domain is important for EBV gB subcellular localization to the endoplasmic reticulum/perinuclear network but also that the structural conformation of the residues in the arginine repeat domain are of importance (20) .
In order to determine if these arginine repeat domain substitution mutations which altered the localization of EBV gB could in turn affect the function of EBV gB in fusion, the mutants were tested in a virus-free cell fusion assay along with previously generated EBV gB truncation mutants, namely, gB841S, gB816, and gB801, which have progressively truncated CTDs (19, 21) (Fig. 1C, arrows) . It was found that gB841S and the arginine repeat domain substitution mutant gB RKRR had little cell surface expression, like WT EBV gB, but that truncation mutants gB801 and gB816 and substitution mutants gB KKKK, gB RTTR, and gB REER had pronounced cell surface expression severalfold greater than that of WT gB (19) (20) (21) . When tested in fusion with B cell targets, it was observed that gB841S and gB RKRR coexpressed with gH/gL and gp42 had fusion levels comparable to that observed for WT gB coexpressed with gH/gL and gp42 (21) . Mutant gB816, which has a shorter CTD than gB841S, had a hyperfusogenic phenotype, yet gB801, which has a shorter CTD than gB816, led to a shift to low levels of fusion, significantly below levels detected for WT gB (21) . In spite of the increased levels of cell surface expression for the gB KKKK, gB RTTR, and gB REER mutants, these mutants reflected fusion levels that paralleled that of WT gB (21) . This suggested that the altered expression of these gB mutants from that of the WT profile could not alone explain the hyperfusogenic and hypofusogenic phenotypes and that the residues in the EBV gB CTD bounded by these truncations may play a role in regulating EBV fusion activity (21) . The truncation mutants and substitution mutants used in this study were further examined in their fusion with epithelial cell targets (22) . Mutant gB816, when coexpressed with gH/gL, was hyperfusogenic analogously to gB816 in fusion with B cell targets (21, 22) . However, mutants gB841S and gB801 displayed phenotypes in epithelial cell fusion different from their phenotypes when coexpressed with gp42 and gH/gL in B cell fusion experiments. Notably, gB841S substantially reduced fusion with epithelial targets compared to the fusion observed with WT gB. Mutant gB801, which normally has a fusion-null phenotype in B cell target fusion experiments (21) , mediated fusion with epithelial targets at notable levels yet at diminished levels compared to those of WT gB (22) .
Collectively, these data from early studies with EBV gB and the EBV gB CTD suggest an important role for the CTD not only in regulating gB expression but also in regulating fusion activity in both EBV host cell types. However, these studies utilized a limited panel of mutants. In the current study, we sought to comprehensively examine the function of the gB CTD by constructing an extensive panel of truncation mutants and testing these mutants for expression and cellular localization, as well as for fusion function with B cell and epithelial cell targets.
RESULTS

Generation of truncation mutants within the EBV gB CTD.
A total of 20 truncation mutations spanning the EBV gB CTD were constructed by adding a stop codon by site-specific mutation within the CTD of the gB open reading frame. Primary amino acid sequences of the gB CTD mutant library are shown, along with the previously constructed gB841S, gB816, gB801, and gB798 mutants (19, 23) (Fig. 1C, arrows) . Mutant gB841S ends with amino acid 841 of gB and has the addition of 2 amino acids that differ from the amino acids found endogenously in gB. Similarly, gB816 ends at amino acid 816 of gB and has three additional nonendogenous amino acids inserted in frame before the stop codon. Construct gB801 actually ends at amino acid 800 of gB. CTD mutants constructed for this study were named based on the full amino acid length of the construct. For example, gB757 contains amino acids 1 to 757 of gB (Fig. 1C) .
The comprehensive library of CTD truncation mutants span from the TM-proximal region of the CTD to the C-terminusproximal region of the CTD. We chose to focus constructs in several regions of interest in the CTD, including near the arginine repeat domain (amino acids 836 to 839) (lowercase "rrrr" in Fig. 1C ) previously shown to be important for the intracellular localization of gB, as well near a number of putative endocytosis motifs, including YPGI (amino acids 768 to 771), YHDP (amino acids 840 to 843), and LL (amino acids 849 to 850) (boldface in Fig. 1C ). Furthermore, constructs were made adjacent to gB801, gB816, and gB841S mutants in order to further fine map functional domains of the gB CTD. The mutants were sequenced to confirm the presence of the desired truncation mutation in the CTD. A secondary-structure prediction of the CTD (24, 25) is included in Fig. 1B . A summary of observed fusion and cell surface expression phenotypes is included in Fig. 1C and described in greater detail below.
Cellular expression of EBV gB CTD mutants. The gB CTD truncation mutants were transfected into CHO-K1 cells and ana-lyzed by cell enzyme-linked immunosorbent assay (cELISA) to examine cell surface expression ( Fig. 2A and B) and by Western blotting to analyze total cellular gB expression (Fig. 2C) . The cELISAs were performed in conjunction with fusion experiments, so the same transfected CHO-K1 cells used for the fusion assays were used to analyze the cell surface expression of gB. For cELISAs associated with B cell fusion experiments, WT gB or gB CTD truncation mutants were coexpressed with the EBV glycoproteins gp42 and gH/gL. As described in the introduction, there was little WT gB detected at the cell surface. The shortest truncation mutants, gB757, gB767, gB772, gB776, and gB781, had very high cell surface expression compared to that of WT gB, in some cases nearly 10-fold higher cell surface expression than WT gB ( Fig. 2A) . In the central region of the CTD, the previously generated gB798 and gB801 mutants as well as the newly generated mutants from gB802 to gB839 all had intermediate levels of cell surface expression compared to the first group of short-length CTD mutants yet still significantly greater surface expression than WT gB ( Fig. 2A) . Mutants gB802 and gB803 had somewhat lower cell surface expression than other mutants within the central portion of the CTD. With the previously generated mutant gB841S, there was a shift in cell surface expression to levels much lower than those of any other mutants with truncations flanking this region, with a cell surface expression similar to that of WT gB ( Fig. 2A) . At the the three hydrophobic domains, with the last domain serving as the transmembrane domain (black boxes), and the 104-amino-acid CTD; (B) secondary structure prediction (generated by PSIPRED3.0 [24, 25] ) for the EBV gB CTD, where "C" indicates "coil" and "H" indicates "helix"; (C) primary amino acid sequence of the WT EBV gB CTD compared to the primary amino acid sequences of previously generated EBV gB CTD mutants (indicated by arrows at the left of mutant numeric designations) and mutants generated for this study. Primary amino acid sequences are abbreviated using the single-letter amino acid abbreviations. The numeric demarcations of CTD mutants generated for this study represent the numbers of amino acids in the full-length construct. Note that previously generated gB841S has two additional nonendogenous amino acids added at the end, gB816 has three additional nonendogenous amino acids added at the end, and gB801 is actually 800 amino acids. The arginine repeat domain (amino acids 836 to 839) is shown in lowercase lettering (rrrr). Putative endogenous endocytosis motifs YPGI (amino acids 768 to 771), YHDP (amino acids 840 to 843), and LL (amino acids 849 to 850) are shown in bold lettering, along with nonendogenous YHRL (amino acids 840 to 843 of gB841S), manifested as a result of the two additional nonendogenous amino acids (arginine and leucine) added at the end of gB841S as a result of previous cloning manipulations. "C" and "F" column headings separate and summarize observed cELISA and fusion phenotypes, respectively. Under the "C" cELISA column, (ϩ) represents WT gB-like cell surface expression (which is not expressed well at the cell surface), (ϩϩ) represents intermediate levels of surface expression (greater than that of WT gB), and (ϩϩϩ) represents very high levels of surface expression. Under the "F" cell fusion column, (Ϫ) represents the fusion-null phenotype (at or below background levels of fusion), (ϩ/Ϫ) represents hypofusion (fusion levels above background but below 90% of the level observed for WT gB), (ϩ) represents WT gB-like levels of cell fusion (90% to 110% of the fusion level observed for WT gB), and (ϩϩ) represents hyperfusion (fusion levels over 110% of that observed for WT gB). If there are differences in fusion observed between B cell-associated fusion and epithelial cell-associated fusion, this is indicated with a slash separating the B cell-associated fusion phenotype from the epithelial cell-associated fusion phenotype, respectively. end of the CTD, mutants gB841 through gB848 had intermediate cell surface expression compared to that of the short-length CTD mutants, such as gB767, but were still expressed at the cell surface to significantly greater levels than WT gB ( Fig. 2A) . Mutant gB851, with the longest CTD of the mutants studied (only 6 amino acids were deleted from the CTD), had cell surface expression similar to that of WT gB ( Fig. 2A) .
For cELISAs performed in conjunction with epithelial cell fusion experiments, WT gB or gB CTD mutants were coexpressed with gH/gL. In general, the cell surface expression trends associated with epithelial cell fusion experiments (Fig. 2B ) reflect the same trends as described above for cell surface expression when gB is coexpressed with gp42 and gH/gL ( Fig. 2A ) and indicate that gp42 expression has little effect on the expression of gB.
A representative panel of mutants was chosen for Western blot analysis (Fig. 2C ). Western blotting of whole-cell lysates revealed that all gB CTD mutants, with the exception of gB803, were expressed similarly to WT gB. The gB803 mutant, along with the gB802 mutant, was also expressed at lower levels in cELISAs ( Fig. 2A and B) , indicating that this is a general property of these two mutants.
Subcellular localization of EBV gB CTD mutants. In order to examine the subcellular localization of the gB CTD mutants, we performed confocal microscopy on an expanded panel of the mutants that we used for Western blot analysis (Fig. 3) . WT gB had diffuse subcellular localization with pronounced perinuclear decoration. Mutants gB767, gB798, gB801, gB809, and gB816 did not have any pronounced perinuclear staining, unlike WT gB. Furthermore, these mutants did not appear to be as diffusely expressed subcellularly as WT gB; rather these gB CTD mutants were expressed in pronounced, punctate dots, which may represent clustered gB. Images of truncation mutant gB837 reveal a restoration of perinuclear decoration, although the perinuclear staining is not quite as robust as the perinuclear staining observed for WT gB. Also, the remaining subcellular gB of gB837 still manifested in somewhat punctate clusters. Truncation mutant gB839 continuing to mutant gB848 had considerable perinuclear staining, but it was still not as pronounced as observed with WT gB. However, the remaining subcellular expression of these mutants appeared to be diffuse, as for WT gB, not punctate. Truncation mutant gB851, the truncation mutant with the longest CTD, had considerable perinuclear decoration and diffuse expression throughout the rest of the cell. Overall, the observed results indicate that the gB CTD is important in regulating the cellular localization of gB.
Function of EBV gB CTD truncation mutants in fusion. Next, we examined the functional properties of the gB CTD mu- tants using a cell-based fusion assay. This assay allows quantitative examination of fusion function without having to use virus, thereby creating a simplified background for analysis. Mutants with the largest CTD truncations, such as gB757, gB772, and mutants up to gB809, were hypofusogenic (in this study, "hypofusogenic" refers to mutants with fusion phenotypes above background levels up to 90% of the fusion levels observed with WT gB) in epithelial cell fusion compared to WT gB (Fig. 4A) . The truncation mutant gB812 was hyperfusogenic (in this study, "hyperfusogenic" refers to mutants with fusion phenotypes above 110% of the fusion levels observed for WT gB) and this hyperfusogenic phenotype was maintained for mutants through gB839. Mutant gB812 separates the bulk of hypofusogenic CTD truncation mutants from hyperfusogenic CTD truncation mutants. With mutant gB841S, there was a shift from a hyperfusogenic phenotype to that of a hypofusogenic phenotype compared to WT gB. Interestingly, mutant gB841, without the two additional nonendogenous amino acids found in gB841S through gB848 had a restoration of a hyperfusogenic phenotype. Mutant gB851, the mutant with the longest CTD, had a slight hyperfusogenic phenotype. The phenotypic trends of fusion with B cell targets (Fig. 4B ) paralleled the trends described above for fusion with epithelial cell targets (Fig. 4A) . The shortest mutants, such as gB757, gB767, and mutants through gB805, were essentially fusion null (in this study, "fusion null" refers to mutants with fusion phenotypes at or below background levels), mediating little-to-no fusion with B cell targets (Fig. 4B) . The behavior for these mutants is slightly different than what was observed in epithelial cell fusion experiments, where the mutants were able to mediate fusion levels above background but were still hypofusogenic compared to WT gB. Mutants gB806 through gB809 exhibited fusion levels above background but were still hypofusogenic. Mutant gB812 was WT-like (in this study, "WT-like" refers to mutants with fusion phenotypes that were 90% to 110% of fusion levels observed with WT gB) in fusion with B cell targets, rather than mildly hyperfusogenic, as in epithelial cell fusion. However, truncation mutant gB812 separated the majority of fusion-null and hypofusogenic CTD truncation mutants from the hyperfusogenic CTD truncation mutants, similar to observations of fusion with epithelial cell targets. Mutants gB816 through gB839 were hyperfusogenic, and as with the findings for epithelial cell fusion, there was a sharp reduction in fusion to levels below levels observed with WT gB for gB841S. Fusion was restored to a hyperfusogenic state with mutants gB841 through gB848, with reduction to below WT gB levels of fusion for mutant gB851. Mutant gB851 in this case was clearly hypofusogenic, not slightly hyperfusogenic compared to WT gB, as seen in epithelial fusion experiments.
DISCUSSION
Past studies examining gB homologues across the herpesvirus ␣, ␤, and ␥ subfamilies have shown that the gB CTD plays a role in the regulation of fusion and gB subcellular localization. Led by early studies showing that mutating the HSV (herpes simplex virus) gB CTD caused syncytium formation in virus-infected cells (26) , researchers later demonstrated that mutating the CTD of HSV gB can both positively and negatively regulate fusion (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . The gB of another alphaherpesvirus, pseudorabies virus (PrV), also has an altered fusion phenotype when its CTD is mutated (42) . In the ␤ subfamily, deletion mutations introduced in the CTD and transmembrane domain of human cytomegalovirus (HCMV) gB led to either impaired or little-to-no syncytium formation, which is typically observed with cells expressing WT gB, suggesting that a role of the HCMV gB CTD is fusion regulation (43, 44) . Additionally, a virus of the ␥ subfamily, human herpesvirus 8 (HHV-8), also expresses a gB homologue, and when the HHV-8 gB CTD is mutated, its fusion phenotype is altered (45) .
As previous studies with EBV gB have demonstrated, the EBV gB CTD appears to play an important role in regulating fusion with lymphocytes and epithelial cells. However, the regions of the CTD which are responsible for fusion regulation and the manner in which the properties of the CTD allow for regulation are not well understood. Through the creation of a library of CTD truncation constructs, we were able to further determine specific regions of the tail that are important for fusion regulation as well as for the expression and localization pattern of EBV gB. There are, however, multiple explanations for the phenotypes observed in our studies. Both the previously generated gB CTD mutant constructs (gB798, gB801, gB816, and gB841S) and the more comprehensive constructs generated for this study can be generally divided into three classes based on their phenotypes in cell-cell fusion and cell surface expression. With regard to fusion, mutants are fusion null (at or below background levels of fusion), hypofusogenic (above background levels to 90% of the fusion levels observed with WT gB), WT-like (90 to 110% of the fusion levels observed with WT gB), or hyperfusogenic (above 110% of the fusion levels observed with WT gB). In terms of expression, mutants can be characterized as being expressed at a low level at the cell surface, like WT gB (or below WT levels of expression), intermediately expressed at the cell surface (moderately above WT levels of surface expression), or highly expressed at the cell surface.
Class I EBV gB CTD constructs. Class I mutants are categorized based on high cell surface expression and low levels of fusion observed with B cell and epithelial target cell types. Constructs gB757, gB767, gB772, gB776, and gB781 are expressed more highly at the cell surface than any other characterized mutants, with levels approaching 10-fold more than WT levels for some constructs. However, these mutants are null in mediating fusion with B cell targets and hypofusogenic with epithelial cell targets.
Class II EBV gB CTD constructs. Class II mutants are categorized based on intermediate cell surface expression (greater than that of WT gB, which is expressed at a low level on the cell surface) with either null, hypofusogenic, WT-like, or hyperfusogenic levels of fusion with B cell or epithelial target cell types. Constructs gB798, gB801, gB802, gB803, and gB805 are null in B cell fusion, with closely related gB806, gB808, and gB809 mediating slight levels of fusion as the CTD length increases. All of these mutants are hypofusogenic in mediating fusion with epithelial targets. It is interesting that the majority of the observed fusion-null and hypofusogenic phenotypes result from truncating the CTD past gB812 but that the majority of constructs longer in CTD length than gB812 are hyperfusogenic. Thus, in general, gB812 can be thought of as separating the truncation mutants with hyperfusion phenotypes from those with fusion-null or hypofusogenic phenotypes. Constructs gB816, gB825, gB837, gB839, gB841, gB842, gB843, and gB848 are hyperfusogenic for both target cell types.
Class III EBV gB CTD constructs. Class III mutants are characterized by a low cell surface expression (similar to that of WT gB or below WT-gB levels of cell surface expression) and hypofusogenic or slightly hyperfusogenic in terms of their ability to mediate fusion with both target cell types. Construct gB841S mediates very low levels of fusion and is poorly expressed on the cell surface. It is possible that the inability of this mutant to mediate moderate levels of fusion is due to a trafficking defect. Construct gB851, which also has a WT-like level of cell surface expression, is hypofusogenic with B cell targets and yet slightly hyperfusogenic with epithelial cell targets.
Subtle differences in fusion levels observed between B cell targets and epithelial cell targets may be reflective of the sensitivity of the cell fusion assay and related to target B cells growing in suspension, unlike target epithelial cells, which are adherent, like adherent CHO-K1 EBV glycoprotein-expressing effector cells (as observed in reference 22).
Many possible explanations exist with regard to the fusion phenotypes observed with the EBV gB CTD truncation constructs, including altering the presence of putative endocytosis motifs located in the CTD, altering a potential trimerization domain in the CTD, and influencing the secondary structure of the CTD and its potential association with membranes. Also, altering the structure/conformation of the gB ectodomain, which is thought to be physically responsible for fusing virus and cell membrane, may also account for differences in fusion function.
gB CTD putative endocytosis motifs and gB fusion function. Of the variety of characterized endocytosis motifs, most pertinent to the current study are tyrosine-based motifs (YXX⌽) (X represents any amino acid, although Y ϩ 2 is commonly an arginine, and ⌽ represents a large hydrophobic amino acid) and dileucinebased (LL) motifs (46) . These motifs appear in the gB CTDs of PrV (47), HHV-8 (45), and HSV-1 and -2 (39-41), as well as among other viral proteins and cellular proteins. When the HHV-8 gB CTD is truncated by 58 residues, which removes a YXX⌽ and an LL motif, there is a shift in expression of gB from predominantly perinuclear expression to expression on the cell surface, also resulting in increased cell fusion (45) . Similarly, the cellular localization of HSV-2 gB was influenced by the presence of potential endocytosis motifs in the CTD; however, the degree of cell surface expression of these mutants did not necessarily correlate with the levels of fusion associated with these mutants (39) .
There are three putative endocytosis motifs in the EBV CTD: YPGI (residues 768 to 771), YHDP (residues 840 to 843), and LL (residues 849 to 850) (Fig. 1C , indicated in bold in the primary amino acid sequence); however, whether or not these motifs function as endocytosis motifs for EBV gB is not well understood. If these residues in fact function as endocytosis motifs for EBV gB, mutating the residues may increase the level of gB at the cell surface, which would in turn increase the potential for fusion to occur. However, truncating the most TM-proximal putative endocytosis motif, YPGI (as with mutant gB767), as well as considering the class I mutants (gB757 to gB781), which bound this motif, resulted in high cell surface expression of gB yet fusion-null or hypofusogenic fusion phenotypes. This finding, as well as others from our current study, is supportive of the notion that cell surface expression is not alone a determinant for fusion (21, 22, 29, 39, 40, 48) .
The next motif, YHDP, may not necessarily constitute an endocytosis motif (on the basis of the hydrophobicity of proline); however, noncanonical motifs have also been shown to also mediate endocytosis, like their canonical counterparts (49, 50) . This putative noncanonical motif flanks the arginine repeat domain of the CTD. As our previous studies have suggested that local configuration and structural features around this motif may influence gB localization (20) , we generated a number of constructs with truncations in this area which are members of class II and class III mutant designations. The previously generated mutant gB841S, a class III mutant, introduced two additional amino acids (arginine and leucine) onto the truncated endogenous sequence as a result of cloning manipulations. These additional amino acids added to the end of amino acid 841 (histidine) of the CTD created a nonendogenous YHRL motif (Fig. 1C) , and perhaps the low expres-sion of this mutant may be a result of the addition of this motif, which may explain the low levels of fusion observed. However, it is also possible that this protein is misfolded and poorly translocated to the cell surface. The other mutants flanking the putative noncanonical endogenous YHDP motif belong to class II. Constructs with truncations before and after YHDP, such as constructs between those of gB837 and gB848, show little difference in their intermediate levels of surface expression and hyperfusogenicity, suggesting that the YHDP sequence likely does not serve as an endocytosis motif that could hypothetically play a role in the cell surface expression of gB and in turn in the potential fusion function of gB.
The putative LL motif located between residues 849 and 850 may account for the differences between the strongly hyperfusogenic class II mutant gB848 and the hypofusogenic (in B cells) and slightly hyperfusogenic (in epithelial cells) class III mutant gB851. The LL motif is present in gB851, which has WT-like levels of surface expression. However, gB848, which truncates the LL motif, has a slight increase in cell surface expression as well as a considerable increase in fusion function. Nevertheless, taking into account our hypothesis that cell surface expression does not directly correlate with levels of fusion regulated by the gB CTD and the fact that we are unsure of the functional nature of these motifs in the EBV gB CTD, more work must be done to understand their importance.
gB CTD trimerization motifs and gB fusion function. Recently, the ectodomains of HSV-1 and EBV gB were crystallized and determined to form trimers (11, 12) . Interestingly, oligomerization of EBV gB appears to be important for the ability of EBV gB to mediate fusion with B cell and epithelial cells targets, as linker insertion mutations disrupting oligomerization of gB fail to permit fusion (23) .
Size exclusion chromatography elution profiles suggest that the EBV gB CTD elutes as a trimer in buffer, which presents the possibility of a trimerization domain located in the CTD (51). Parallel size exclusion chromatography studies with the HSV-1 gB CTD reveal that both the full-length CTD and truncated CTD constructs exist as trimers in solution, suggesting that there is a trimerization domain located between gB residues 801 and 851 (52) . It would be interesting to test our panel of truncation mutants using similar techniques, not only to better understand the sequence-based context of the potential trimerization domain but also to clarify how the potential trimerization domain located in the CTD may impact fusion.
gB CTD membrane interaction and gB fusion function. Several recent studies have focused on the interaction of the gB CTD with membranes. The EBV gB CTD complexes with membrane mimics upon being mixed. This interaction corresponds to a structural change resulting in an increase in ␣-helical content (51), compatible with the predicted secondary structure of the CTD, in which ␣-helical regions are predicted (24, 25, 51) (Fig. 1B) . Similarly, recent studies with the full-length WT HSV-1 gB CTD have shown that there is an increase in helicity of the CTD in a membrane-mimetic environment compared to that in an aqueous buffer environment, indicating that disordered regions of the gB CTD fold into helical regions as a result of their interaction with membrane mimics (52) . Interestingly, compared to purified WT CTD, purified truncated CTD constructs corresponding to previously characterized full-length HSV-1 gB constructs with CTD truncations known to alter the fusion phenotype (27, 28, 32, 52) had a decrease in helical transition in membrane mimics and a decrease in binding to membrane mimics, suggesting that stable membrane interaction of the gB CTD may regulate fusion and implying that ␣-helical regions of the CTD may be necessary for this membrane interaction (52) .
Interestingly, there was no reduction in binding to membrane mimics of purified point mutant CTD constructs corresponding to previously characterized full-length HSV-1 gB proteins with syncytial point mutations (28, 35, 36) compared to that of the WT gB CTD (48) . Intriguingly, some bound better than the WT CTD (48) when mixed with membrane mimics, and had increases in ␣-helical content similar to that of the WT CTD, indicating that there is not a direct relationship between membrane binding and the degree of helical transition of the CTD in a membrane environment (48) .
When mixed with membrane mimics, the WT HSV-1 CTD had a dramatic reduction in protease sensitivity compared to that in buffer solution, indicating that a large portion of the CTD formed a proteolytically shielded core in a membrane environment. This was similarly observed for the point mutant syncytial CTD constructs, yet with some slight differences (48) . Taking into account these differences and similar stabilities of the WT CTD and syncytial point mutant CTDs in denaturing urea, this suggested that these mutations in the CTD result in local rather than global conformational changes in the membrane-bound CTD (48) . It was postulated that these local conformational changes may disturb intramolecular CTD interactions that would otherwise be present in the WT CTD, resulting in a shift from WT CTD membrane-bound conformation and thereby causing fusion deregulation (48) .
As a result of the complexity of the fusion phenotypes that we observed when mutating the EBV CTD and the lack of a crystal structure of the CTD, it is difficult to imply particular helical regions of the CTD in regulating fusion. However, based on secondary-structure prediction and noting that the bulk of our fusion-null and hypofusogenic phenotypes were observed for mutants with truncations in the CTD past gB812 (the bulk of our hyperfusogenic phenotypes were observed for mutants with CTDs longer than in gB812), it is possible that the two most-C-terminal helical regions in the predicted structure may be important in negatively regulating fusion. However, whether or not this regulation is through an association with membrane or due to gB812-gB857 being a domain of the CTD with important fusionantagonizing intramolecular interactions will require future studies.
gB CTD alteration of ectodomain conformation and gB fusion function. Previous studies with paramyxovirus simian virus 5 (SV5) F protein have shown that the length of the CTD can have dramatic effects on fusion function. Some SV5 F proteins from different viral isolates also differ in CTD length, with the F proteins with shorter CTDs mediating high levels of fusion and F proteins with longer CTDs causing little-to-no detectable syncytia (53, 54) . Truncating the CTDs of longer CTD F proteins to the same length as the CTDs of shorter F protein isolates results in fusion levels similar to those observed with shorter CTD F proteins (53, 54) . SV5 F protein isolates can have different reactivities to conformationally specific antibodies depending on CTD length or the presence of mutations (55, 56) , indicating that the SV5 CTD can regulate the conformation of the F protein ectodomain (57) . Additional studies extending the CTD of a short SV5 F protein isolate or adding tags that allow the formation of a 3-helix bundle to the CTD suggested that these additions increase intramolecular interactions that stabilize the F protein in a prefusion form (57) . As the SV5 F protein TMs must rotate in the plane of the membrane during the conformational transition from prefusion to postfusion form, the effects of stabilizing the CTD of the F protein may restrict the ability of TMs to rotate, thereby affecting the ability of the ectodomains to interact, fold, and otherwise alter their conformations (57) .
Interestingly, no significant conformational differences were observed between syncytial HSV-1 gB CTD mutants and WT gB using a panel of conformational antibodies specific to ectodomain epitopes (48) . However, it is not possible to rule out the possibility that there may be small conformational changes in the ectodomain which could not be detected with the antibodies utilized in this study or that the appropriate conformation-specific antibodies have not been identified.
In the case of the EBV gB CTD, it is possible that the CTD truncations in our study potentially cause a conformational change that travels through gB, ultimately affecting the conformation of the ectodomains, rendering them either more or less fusogenic, and altering the energy threshold for the conversion of gB from a pre-to a postfusion form. As noted earlier, the bulk of observed fusion-null and hypofusogenic EBV gB CTD truncation constructs are clustered before gB812, whereas the bulk of our hyperfusogenic constructs have CTDs longer than that of gB812. In-line with the reasoning of the SV5 F protein study described above (57) , this suggests that truncating the EBV CTD up to position 812 removes conformational restrictions that would otherwise increase the energy threshold for fusion, allowing conformational changes to be transmitted through the protein and rendering the ectodomain more fusogenic. However, without a panel of conformational antibodies specific to EBV gB ectodomains, it is difficult for us to assess whether or not mutations in this region or other regions of the EBV gB CTD alter the conformation of the gB ectodomains and, as a result, possibly alter the fusogenic potential of the ectodomains. Further studies directed at understanding the function of EBV gB in fusion are clearly warranted, with the mutants described in this study providing a basis for future research.
MATERIALS AND METHODS
Cells and antibodies. Cells were cultured in media supplemented with 10% serum (fetal bovine serum [Atlanta Biologicals] or FetalPlex [Gemini Bioproducts]) and 1% streptomycin-penicillin (100 U penicillin/ml, 100 g streptomycin/ml) (Sigma).
CHO-K1 cells were cultured in Ham's F-12 medium (MediatechCellgro/ThermoFisher-HyClone). Daudi-29 cells (stably expressing T7 RNA polymerase) (as described in reference 58) were cultured in RPMI medium (Mediatech-Cellgro) containing 900 g/l Geneticin/G418 sulfate (Gibco-Invitrogen). 293T14 cells (stably expressing T7 RNA polymerase) (as described in reference 59) were cultured in Dulbecco's modified Eagle's medium (DMEM) (Mediatech-Cellgro) containing 100 g/ml zeocin (Invitrogen).
The mouse monoclonal EBV gB antibody CL55 was kindly provided by Lindsay Hutt-Fletcher (60) (Louisiana State Health Sciences Center, Shreveport, LA). Rabbit polyclonal EBV gB antibody was produced by immunizing rabbits with EBV gB expression vectors (Aldevron). Mouse monoclonal GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody was purchased from Abcam. Biotinylated goat anti-mouse IgG conjugate was purchased from Sigma. Streptavidin-horseradish peroxidase conjugate was purchased from GE Healthcare.
EBV gB CTD truncation mutant generation. The EBV gB CTD truncation mutants were created using the QuikChange site-directed mutagenesis kit (Stratagene). Primers were designed based on the sequence of WT EBV gB in the pSG5 vector (Stratagene) as a template. As we desired to create a comprehensive library of mutant constructs, forward and reverse primers were designed to incorporate stop codons in the gB CTD to generate truncations ranging from the TM-proximal region of the CTD to near the C terminus of the CTD. Sequencing analysis was performed to confirm the appropriate truncation mutations in the CTD (Northwestern Genomics Core Facility).
Transfection. CHO-K1 cells were plated in 6-well tissue culture plates (BD-Falcon) 1 day prior to transfection, such that the cells were subconfluent at the time of transfection. CHO-K1 cells were transfected using Lipofectamine 2000 (Invitrogen). At the time of transfection, CHO-K1 cells seeded in 6-well plates were washed once with phosphate-buffered saline (PBS) and then placed in Opti-MEM reduced-serum medium (Gibco). For epithelial-fusion-related experiments, 0.8 g of EBV gH, 0.8 g of EBV gL, 0.8 g of the T7 promoter-driven luciferase reporter expression vector, and 0.8 g of either WT EBV gB or EBV gB CTD truncation mutant DNA were combined with Lipofectamine 2000 and incubated for 30 min in a total volume of 500 l of Opti-MEM prior to being added to cells. For B cell fusion experiments, 2.0 g of EBV gp42, 0.8 g of EBV gH, 0.8 g of EBV gL, 0.8 g of the T7 promoter-driven luciferase reporter expression vector, and 0.8 g of either WT EBV gB or EBV gB CTD truncation mutant DNA were combined with Lipofectamine 2000 and incubated for 30 min in a total volume of 500 l of Opti-MEM prior to being added to cells. Cells were incubated overnight with the transfection mixture, and in the morning, the transfection mixture was removed and replaced with Ham's F-12 medium supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin-penicillin (100 U penicillin/ml, 100 g streptomycin/ml) prior to use in experiments.
Fusion assay. The virus-free, cell-based fusion assay was carried out as previously described (21, 22) . Effector CHO-K1 cells for epithelial fusion experiments were transiently transfected with EBV gH/gL, the T7 promoter-driven luciferase reporter expression vector, and either WT EBV gB or EBV gB CTD mutants as outlined above. Effector CHO-K1 cells for B cell fusion experiments were transiently transfected with EBV gp42, EBV gH/gL, the T7 promoter-driven luciferase reporter expression vector, and either WT EBV gB or EBV gB CTD mutants as outlined above. For epithelial and B cell fusion experiments, target cells were 293T14 and Daudi-29 cells, respectively. After an overnight transfection, cells were detached from plates using 1 mM EDTA diluted in PBS and counted with a Beckman-Coulter Z1 particle counter. CHO-K1 effector transfectants (2.5 ϫ 10 5 ) were added to an equal amount of 293T14 or Daudi-29 cells in a total volume of 1 ml of Ham's F-12 medium in a 24-well plate (BD Falcon). Approximately 22 to 24 h later, cells were washed once with PBS and lysed with 100 l of passive lysis buffer (Promega) diluted in PBS. To quantify fusion, luciferase activity was measured in duplicate by adding 20 l of lysed cells to a treated 96-well tissue culture IsoPlate (PerkinElmer) and by adding 100 l of luciferase assay reagent (Promega); luminescence was then read on a Wallac Victor 2 multilabel plate reader (PerkinElmer).
cELISA. The same experimental populations of CHO-K1 cells expressing EBV glycoproteins which were utilized for fusion assays were analyzed for cell surface expression of EBV gB via a cell ELISA (cELISA). At the time that the transfected CHO-K1 effector cells were overlaid with target cells, a portion of the CHO-K1 cells were plated 4 ϫ 10 4 cells per well in two sets of triplicates (one set of triplicates for experimental readout and the other set of triplicates for background calculations) in a 96-well plate. After approximately 22 to 24 h, cells were washed once with PBS and incubated for 30 min with CL55 mouse monoclonal antibody directed against EBV gB diluted 1:200 in 3% bovine serum albumin (BSA) (Sigma) in PBS supplemented with MgCl 2 and CaCl 2 (PBS-ABC) (experimental triplicate set) or incubated in only 3% BSA in PBS-ABC (control triplicate set). Cells were then washed five times with PBS-ABC and then fixed for 10 min in a solution of 2% formaldehyde (Fisher) and 0.2% glutaraldehyde (Sigma) in PBS-ABC. Following fixation, cells were washed three times in 3% BSA in PBS-ABC. Next, cells were incubated for 30 min with biotinylated goat anti-mouse IgG conjugate (Sigma) diluted 1:500 in 3% BSA-PBS-ABC and then washed five times before a 30-min incubation with streptavidin-horseradish peroxidase conjugate (GE Healthcare) diluted 1:20,000 in 3% BSA in PBS-ABC. Following five washes in 0.1% Tween 20 (Fisher) diluted in PBS-ABC, TMB One Component horseradish peroxidase microwell substrate (BioFX Laboratories) was added to each well and allowed to incubate for 15 to 20 min. The resulting color change reaction was read with a PerkinElmer Wallac Victor 2 multilabel plate reader.
Western blotting. A representative subset of the EBV gB CTD mutants was selected for Western blot analysis. In a 6-well tissue culture plate (BD-Falcon), CHO-K1 cells were plated at a density of 2.5 ϫ 10 5 cells per well and transfected with 2.0 g of WT EBV gB or gB CTD mutant DNA overnight. In the morning, cells were washed twice with ice-cold PBS and lysed in 250 l of 1ϫ Laemmli sample buffer (Bio-Rad). Lysates in Laemmli sample buffer were collected in microcentrifuge tubes, sonicated, and then boiled at 95°C for 5 min. Samples were then loaded and run on Any kD Mini-Protean TGX gels (Bio-Rad). After electrophoresis, samples were transferred to nitrocellulose membranes (Whatman). After transference, membranes were blocked in 5% nonfat dry milk in TBS buffer (20 mM Tris-HCl [pH 7.6], 137 mM NaCl) for 1 h at room temperature. After three washes in TBS, blots were incubated overnight at 4°C with EBV gB rabbit polyclonal antibody diluted 1:1,000 in 5% BSA in TBS and anti-GAPDH mouse monoclonal antibody diluted 1:1,000. Next, blots were washed three times in TBS and then incubated for 1 h with antirabbit secondary antibody conjugated to IRDye 800 (LI-COR) diluted 1:10,000 in 5% BSA in TBS or anti-mouse secondary antibody conjugated to IRDye 680 (LI-COR) diluted 1:10,000. Following secondary antibody incubation, the blots were washed three times in TBS and the infrared emission of bands corresponding to lanes of loaded lysates was read on the LI-COR Odyssey Fc machine.
Confocal microscopy. CHO-K1 cells were seeded in 6-well tissue culture plates (BD-Falcon) at a density of 3.0 ϫ 10 5 cells per well 1 day prior to transfection. Lipofectamine 2000 transfection reagent was mixed with 0.8 g of WT EBV gB or gB CTD mutant DNA, 0.8 g of EBV gH DNA, and 0.8 g of EBV gL DNA in Opti-MEM medium. Cells were incubated overnight in the transfection mixture. In the morning, cells were washed once with PBS and detached using 1 mM EDTA diluted in PBS and then counted using a Beckman Coulter Z1 particle counter. Prior to being seeded, the glass coverslips were treated with poly-L-lysine (Sigma) and washed twice with PBS and once with Ham's F-12 medium. Cells from each well were seeded on glass coverslips in a treated 12-well tissue culture plate (BD-Falcon) and allowed to spread for 24 h. Then, cells were washed once with PBS and fixed in ice-cold methanol for 10 min. Following fixation, cells were placed in a blocking solution consisting of 5% goat serum (Sigma) diluted in PBS. Next, cells were washed three times with PBS and incubated for 1 h at room temperature in CL55 anti-EBV gB mouse monoclonal antibody diluted 1:250 in 3% BSA in PBS. After being washed three times in PBS, cells were incubated for 1 h at room temperature in goat anti-mouse IgG AlexaFluor488-conjugated secondary antibody (Invitrogen) diluted 1:1,000 in 3% BSA in PBS. After being washed three times in PBS, the coverslips were mounted on slides using ProLong Gold antifade mounting medium with DAPI (4',6-diamidino-2-phenylindole) (Molecular Probes/Invitrogen). Images were captured with a ϫ63 magnification oil immersion objective on a Zeiss UV-LSM510 confocal microscope.
